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Abstract

Despite decades of development, Lagrangian hydrodynamics of
strength-free materials presents numerous open issues, even in one
dimension. We focus on the problem of closing a system of equations
for a two-material cell under the assumption of a single velocity model.
There are several existing models and approaches, each possessing dif-
ferent levels of fidelity to the underlying physics and each exhibiting
unique features in the computed solutions. We consider the case in
which the change in heat in the constituent materials in the mixed cell
is assumed equal. An instantaneous pressure equilibration model for a
mixed cell can be cast as four equations in four unknowns, comprised
of the updated values of the specific internal energy and the specific
volume for each of the two materials in the mixed cell. The unique
contribution of our approach is for the non-instantaneous pressure re-
laxation case. We present a physics-inspired, geometry-based model in
which the updated values of the sub-cell, relaxing-toward-equilibrium
constituent pressures are related to a local Riemann problem through
an optimization framework. This approach couples the modeling prob-
lem of assigning sub-cell pressures to the physics associated with the
local, dynamic evolution. We package our approach in the framework
of a standard predictor-corrector time integration scheme. We quan-
tify the results of our model for idealized, two material problems using
either ideal-gas or stiffened-gas equations of state.

1 Introduction

Multimaterial Lagrangian hydrodynamics of strength-free materials contin-
ues to present numerous open issues, even in one dimension. We focus on
the problem of closing a system of equations for a two-material cell un-
der the assumption of a single velocity model. We treat the constituents
in these multimaterial cells as distinct, i.e., we do not consider so-called
“mixture” models, often associated with multi-phase flow, in which the in-
dividual species in a computational zone are modeled as fully or partially
intermingled. The unmixed, multi-material cells we consider invariably arise
in multi-material Arbitrary Lagrangian-Eulerian (ALE) methods, where the
results of Lagrangian hydrodynamics are projected onto a new mesh during
the remap phase.

We consider three main design principles that govern closure models of



interest. The first principle is preservation of contacts; this implies that if
all materials in a mixed cell are initially at the same pressure, then that
pressure does not change due to the closure model. The second principle
is that of pressure equilibration; that is, after some transition time (possi-
bly only a single timestep), all pressures in the mixed cell equilibrate. The
third principle is the exact conservation of total energy. As elements of such
models, we assume that a separate set of material properties is maintained
for each material in every multimaterial cell, together with the materials’
volume fractions, which can be used to reconstruct material interfaces inside
a mixed cell. The main challenge is to accurately assign the thermodynamic
states of the individual material components together with the nodal forces
that such a zone generates, pursuant to our design principles and despite a
lack of detailed information about the velocity distribution within such cells.
In particular, for the calculation of both the equation of state (EOS) and the
resulting pressure forces, it is important that the calculation of the internal
energy be accurate.

There are several existing models for this problem. In one class of meth-
ods (see, e.g., Barlow [4], Delov & Sadchikov [9], Goncharov & Yanilkin [11]),
one estimates the velocity normal to the interface between materials and then
approximates the change in the volume for each material, with internal en-
ergy updated separately for each material from its own pdV equation. A
common pressure for a mixed cell, which is used in the momentum equa-
tion, is computed using the equation of total energy conservation. Delov
& Sadchikov [9] and Goncharov & Yanilkin [11] introduce an exchange of
internal energy between the materials inside a mixed cell, thereby allowing
some freedom in the definition of the common pressure. Other multi-material
models impose either instantaneous pressure equilibration (such as that of
Lagoutiere [15] and Després & Lagoutiere [10]) or ascribe an implicit mech-
anism for pressure relaxation (such as described by Tipton [26] and summa-
rized by Shashkov [24]).

We restrict our attention to the approach in which the change in heat in
the constituent materials in the mixed cell is posited to be equal, as discussed
by Lagoutiere [15] and Després & Lagoutiere [10]. Under this assumption, the
mixed-cell model can be cast as four equations in four unknowns, consisting
of the updated values of the specific internal energy and the specific volume
for each of the two materials in the mixed cell. A solution to this set of
nonlinear equations can be obtained, e.g., with Newton’s method, which
forms one element of an overall predictor-corrector scheme for solving the



governing conservation laws.

An unsatisfactory aspect of this model, however, is the imposition of in-
stantaneous pressure equilibration among the mixed-cell constituents. We
break this assumption using a sub-cell dynamics model based on a local Rie-
mann problem. Specifically, the unique contribution of our work is the use of
this physics-inspired, geometry-based approach using an optimization frame-
work to both (i) to break instantaneous pressure equilibration by relaxing the
individual sub-cell pressures to equilibrium and (ii) to determine the single
updated value of the relaxing-toward-equilibrium pressure assigned to the
overall mixed cell. This approach couples the problem of assigning a single
mixed-cell pressure to the physics associated with the local dynamical evolu-
tion. We discuss several test problems, using either ideal-gas or stiffened-gas
equations of state, on which we exercise this method, providing complete
details of the setup for each problem together with quantitative results of
our approach on these problems.

This paper is structured as follows. Section 2 describes the basic 1-D
Lagrangian hydrodynamics equations and the predictor-corrector scheme we
employ to obtain solutions. We describe details of the two-material model,
based on the work of Lagoutiere [15] and Després & Lagoutiere [10], in §3.
Extensions of this model to account for relaxation through the dynamics of a
sub-cell Riemann problem are discussed in §4. A description of test problems
and results for this method is contained in §5. We summarize our findings
and conclude in §6.

2 One-dimensional Lagrangian hydrodynam-
ics

In this section, we describe the basic predictor-corrector algorithm that we
use to obtain numerical solutions to the governing equations discussed in the
previous section. We first restrict our attention to the single-material case,
then discuss where modifications for multi-material cells are required.

The partial differential equations governing the conservation of momen-
tum and internal energy, written in the Lagrangian frame of reference moving,
are (discussed, e.g., by Caramana et al. [7]):

du

p%—FVP:O, (1)



d

P + PV -u=0. (2)
In these equations, u is the velocity and P = P(7,¢) is the thermodynamic
pressure, where ¢ is the specific internal energy (SIE) and 7 is the specific
volume, which given by the inverse of the mass density p of the fluid. The
numerical scheme we present consists of a staggered-mesh discretization for
the one-dimensional case of the above system, augmented by a trajectory
equation for the cell vertices; together, this set of equations implies mass
conservation. In the following, subscripts denote spatial position and super-
scripts associated with temporal indexing. Cell-centers (at index i+ 1/2) are
associated with cell masses M; /s, cell volumes Vj;/2, and thermodynamic
state variables of the cell, such as density p;y1/2, specific volume 7,1 /2, SIE
€i+1/2, pressure p;ii/2, and sound speed cs;11/2. The vertices of cell 7 are
associated with edge positions x; and x;,1, edge velocities u; and wu; 1, and
node-centered control volume masses m; and m;.

We assume that we have all the necessary information to completely spec-
ify the values of all state variables at time ¢" and seek to update the solution
to time t"*! = t" 4 §t, where 0t is the timestep chosen to satisfy neces-
sary stability requirements (e.g., the CFL condition). The following set of
coupled, implicit equations capture the dynamics of the one-dimensional con-
servation equations by linking the updated values of the flowfield with the
current state:

un+1 - un p +pn+1
R RN < 3
L 2 (3)
n+1l/2 1 n+1
u; ot (u + u; ) , (4)
et =g 6t (5)
Vi =ain — 2t (6)
ﬁﬂ}zf iﬁ1/2/Mi+1/2> (7)
n+1 n n+1
it1/2 — Eiv1)2 Pit1/2 T Pit1/2 . nt1/2
M1 /T/ - (/2/) A Zjl//Q : (8)
P:L:11/2_7D( 27-1:1}27 ?:11/2) (9)

Here, P is the mapping that gives the pressure as a function of the density and
SIE. Also, the operator A and its adjoint A* are defined on the appropriate
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discrete function spaces as:
Ag = fi+1/2 - 5@'71/2 ) (10)
A™niy1/2 =Nig1 — i - (11)

We propose the following iterative scheme by which to obtain a solution
for the variables at "' in Egs. (3)-(9):

Set p?:f/’g =pit12 and iterate for s=1,... : (12)
n+1,s n n n+1,s—1
u et — pr+pi
: i i A { ? , 13
B ( 2 ) (13)
n+1/2,s 1 n n+1,s
u; =3 (ul + u; ) , 14

1, n+1/2,s
2l = gttt

(
7 ) (
(
(

+1, +1, +1,
Vi =oia " —a 7, 16
+17 —_ +17
Tz'T-LH/; = %11/28/M1+1/2a 17
n+1,s n n n+1,s—1
Cit1/2 — Cit1)2 Pit1/2 T Pig1/2 v nt1/2,
Miy1/2 — 5t 5 A U?_H/z 5 (18)
+1’ —_ +17 +17
p?ﬂ/; = P(TZH/287 5?+1/;) : (19)

As shown by Bauer et al. [5], this iteration is stable under the usual con-
straints, e.g., CFL number between zero and one. Moreover, this scheme
is nominally second order accurate in both space and time for sufficiently
smooth initial conditions and sufficiently short times; the method invariably
degenerates to first order as discontinuous flow features develop.

One can interpret the first two iterations of this algorithm as a predictor-
corrector method. We write this numerical scheme as follows:

Predictor
n+1,% n
W — U
T A (P 20
m (v (20)
ot
n+1,x n n n
Uu; U, m (p1+1/2 pz—1/2) ) (21)
n+1/2% } n n+1,%
U =5 (Uz +u; ) ; (22)



e =g 4 6t U?H/Q’* , (23)
n+1, n+1,% n+1,
V;J/z* =i = (24)
n+1,% n+1,%
T¢++1/2 :Vz‘g/z [ Mit1y2, (25)
€n+1,* . 5"
Miy1/0 s —Pit1/2 A ui+1//2 " (26)
ot
n+1,% n n n+1/2,% n+1/2,x
+1/2 +1/2 M1 +1/2 ( +1 ) (27)
n+1, n+1, n+1,
pi—:_l/; = P(Ti—:i/;? 51:1/;) : (28)
Corrector
un+l —u? pn + p’(b-i—l,*
; i L A ] ¢ 7 29
T 2 (29)
16t
n+1 n n n+41,% n n+1,%
= uptl =) - 2m; (pi+1/2+ Dit1/2— Pi—1/2— pi—l/Q) , (30)
n+1/2 1 n n+1
U; =9 (Uz + Uy ) 5 (31)
et =gl 4 5t (32)
Vi =ail —ai ™, (33)
T;ﬁb = Vler/IQ / Mitay2, (34)
5?++11/2 — €it1/2 Piyij2 T p?:f/; . ntl/2
Mijrjp—F——=— A Uity)2 > (35)
ot 2
1 ot
= 8?Jrl :5:‘ - p? +p?+1,*
H1/27 S22 T ( +1/2 +1/2)
x (i =ty (36)
p?jll/z = P(Tiﬁil/m 5?:11/2) : (37)

This two-step scheme can be made more efficient and equally as accurate
(at least formally) by replacing the EOS call in Eq. (28) with a predictor
pressure assignment based on an adiabatic relation among pressure, density,
and SIE. In this case, we replace Eq. (28) by:

n 2 n+17*
n+1, n (03i+1 2) 5‘/;+1 2
piJ:/; =Piy12 — n / / 5 (38)

n
i+1/2 i+1/2



where 5%7::/1’2* = Z.Tlr/lé* — Vi11/2- One must, however, retain the full EOS
call in the corrector step of Eq. (37), to ensure thermodynamic consistency
and conservation at the updated time.

To decrease non-physical results for problems with nominally C° solutions
(e.g., shockwaves), the pressure in these expressions must be augmented by
an artificial viscosity to provide additional numerical dissipation. In practice,
we modify each occurrence of the pressure p in the above approach by adding
an additional term ¢: notionally, p;i1/2 < Diy1/2 + Giy1/2 in Egs. (3), (8),
etc. For example, to calculate the artificial viscosity ¢/, at cell centers
at ", used in Egs. (21) and (27), the classical linear-plus-quadratic model
of von Neumann & Richtmyer [28] (see also Landshoff [16]), active only in
compression, is evaluated as:

n _{O, if wil, —uji >0,
Tit1/2 —V1 P12 CSipa e (Wipy — ui') + V2 Py o (Wihy — u™)? , otherwise,
(39)

where v; (numerically, nominally ~ 1) and v, (~0.1) are the coefficients of
the linear and quadratic contributions, respectively, and pf ;o = 1/7], 5 -
Similar expressions apply to predictor values of artificial viscosity, used, e.g.,
in Egs. (30) and (36). While more sophisticated artificial viscosity models
are available (as described, e.g., by Campbell & Shashkov [6]), the simple
linear-plus-quadratic model is sufficient to demonstrate the efficacy of the
numerical methods for the 1-D gasdynamics problems discussed here.

3 Two-Material Instantaneous Equilibration
Model

We now examine a specific instantaneous pressure equilibrium model for a
two-material mixed cell. We make the fundamental assumption that the
fluids are not intermingled; that is, we assume that there is a scale on which
the two fluids are separated. We first review the model based on the work
of Lagoutiere [15] and Després & Lagoutiere [10] and discuss how to use this
model with the above algorithm.

A schematic of the mixed cell is shown in Fig. 1, which indicates mate-
rial 1 to the left of an idealized (massless) interface, which separates it from
material 2 to the right. In the following discussion, we largely suppress the
subscript index of the mixed cell, i,,y; instead, subscripts refer to the two



materials in the multi-material cell. In keeping with the single-material al-
gorithm discussed in the previous section, assume that we have the following
quantities, consistently updated to time t"*!:

1. 7"+ the updated value of the overall specific volume of the mixed cell,
from Egs. (25) and (34); and

2. et the updated value of the overall SIE of the mixed cell, from
Egs. (27) and (36).

We also know a common pressure at the previous timestep, p”, for the mixed
cell; we discuss later how to update this common pressure from the con-
stituent materials’ updated pressures. In addition to those values, we know
the specific volume and SIE of the mixed cell’s constituent materials at the
previous timestep, i.e., 71", 73, €7, €5.

The quantities that we seek are the updated values of these properties,
viz.,

L. 7t the updated specific volumes of materials 1 and 2, and

2. eftt bl the updated SIEs of materials 1 and 2.

With these values, the individual materials’ EOSs define the associated ther-
modynamic variables. In the mixed cell, denote the mass fractions (“concen-
trations”) by ¢; and ¢, for materials 1 and 2, respectively:

cp =my/M; . and ¢y =my/M; ., (40)

where in the mixed cell
my = mass of material 1, my = mass of material 2, (41)
M; . =total mass =my +m;. (42)

Since the masses in the Lagrangian cells are fixed, the mass fractions ¢; and
co do not vary with time.

The governing equations of the closure model discussed by Lagoutiere [15]
and Després & Lagoutiere [10] are the following.

e Conservation of mass (expressed with the specific volume):

017'{”1 + 027'27”’1 = 7t (43)



e Conservation of internal energy (expressed with the SIE):
creTt + ol = et (44)

e Equality of change in heat of the two materials: with dQy = dey +
P, dV},, this requirement implies:

et — e+ Pt — ) =0T — 2+ Py(rytt — ). (45)

e Equality of thermodynamic pressure Py (7, ) of the two materials (k =

1,2):!
p=pi" =0y = P et = Po(m e t) = 0. (46)
The four relations (43), (44),% (45), and (46) form a set of four nonlinear

equations in four unknowns: 77", et 7t and 5T

A choice must be made in how to model the pressure in Eq. (45). Among
the obvious options are the following (where k = 1,2 for the two materials):

o “Fully Implicit”: P, = p;*t', the pressure at the updated time;
o “Fully Explicit”: P, = p}, the pressure at the previous time; or

o “Thermodynamically Consistent”: P, = % (pz +pz+1>, the arithmetic
mean of the previous-time and updated-time pressures.

For a polytropic gas, closed-form solutions of this set of equations can be
obtained in each of these three cases. In Appendix A, we provide these
solutions to Eqs. (43)—(46) for polytropic gases. Many of these expressions
are algebraically very involved, but nevertheless comprise a useful result with
which one can verify the software implementation of the algorithm.

For general EOSs, Egs. (43)—(46) do not admit a closed-form solution,
whether one considers the fully implicit, fully explicit, or thermodynami-
cally consistent closure models. We now describe an approach with which to
implement Newton’s method to obtain numerical solutions of these coupled
equations. First, rewrite these equations in the form

f(x)=0, (47)

I This relation explicitly specifies the common pressure of the mixed cell.
2 As explained by Després & Lagoutiere [10], Eqs. (43) and (44) are consistent with the
assumption that the fluids are separated at some scale.




where

T
z o= |t et gt gt (48)
fo= 1 fe fs £i" (49)
with the components of f corresponding to the model equations:
fi = et Ferptt -t (50)
fo = cie7 4 cpedtt — et (51)
fy = SN -+ BT - )
— e =+ Ra(rpt - )] (52)
f4 = Pl (T{H_lv 5711+1) - PQ (T;—Hv €g+1) ) (53)

A simple implementation of Newton’s method for the system in Eq. (47) can
be written as:

' =x” — - dx¥ forv=0,..., where (54)

b = (gi) flab), (55)

wk‘

with 5 € (0,1] being a value that scales the magnitude of the Newton step.
The elements of the Jacobian matrix 0f/0x are given by

of\ _ 9Of;
<8m>ij N Oz (56)

The 4 x 4 matrix 0f/0x has several zero elements in the first two rows. The
modeling choice for the pressure term Py in Eq. (52) affects the specific form
of the Jacobian elements:

o “Fully Implicit”: P, = pi™ = P(r5", e5*h), which depends on the
unknown vector x.

o “Fully Explicit”: P, = p}, independent of the unknown vector .

e “Thermodynamically Consistent”: this model uses the arithmetic mean
of the previous two models, P, = 3 (p}g + pZH) =z (pZ + Pp(ratt, bt
which also depends on the unknown vector x.

10
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Expressions for the elements of the Jacobian are given in Appendix B. These
expressions can be used in software implementations of the Newton’s method
iteration.?

To initialize the iteration in Eqgs. (54) and (55), the initial values for the
unknowns are taken to be those at time t™:

x’ = [, €7, o, en]” (57)

This iteration was found to converge rapidly for the cases considered in §5.

4 Two-Material Riemann Problem /Pressure
Relaxation Model

The model of the previous section provides an approach in which the pres-
sures of the constituents of a two-material cell are equilibrated at the end of
each timestep. In this section, we describe a sub-cell dynamics model that
leads naturally to schemes by which to relax the constituent pressures to
equilibrium. That is, given an initial state with a discrepancy between the
pressures of material 1 and material 2, we seek a model with which to up-
date material pressures p?™' and pi™ such that the difference between these
values approaches zero as time increases.* We do so with a purely dynamical
model that does not appeal to any explicit dissipation terms, per se.

To set the stage for this model, the relaxation operator R takes as input
the thermodynamic states of the constituent materials at time t" together
with values for the overall specific volume and SIE at time ¢"*!. On output,
the thermodynamic states of the individual materials are updated to time
t"*! and some estimate of an updated common cell pressure is provided.
Schematically, we write this as:

n _n n n,_n+l _n+l\ __ n+l _n+1 n+l n+l, nt+l n+l _ntl
R(7'17517T27€2,T xS )_{Tl 781 » To 752 y Dy » Do » D }

(58)
In this section we describe in detail the relaxation operator R.

3To accelerate this algorithm, one could perform a small number of iterations in the
Newton step, instead of converging the solution.

4This idealized picture is for the special case of stationary flow, i.e., in the absence of
external flow perturbations. More generally, there will be external flow effects and, so, one
should not expect pressure equilibration in a mixed cell to necessarily obtain.

11



4.1 Two-Material Riemann-Problem/Relaxation Model:
Equations

The foundation of this approach is to consider the evolution of the multi-
material cell over one timestep to be related to a local Riemann problem.
This cell is identified by the index i, with the states of the two materials
assumed to be available at time ¢". The location of the interface between
the materials at this time determined by the local volume fraction of, say,
material 1, given by fi:

e =0+ AR =2l )€ o al ] (59)

tmix T mix mix

Specifically, the two states in this cell at t" are given by:

(phelaplaui ; ) ) if I’? ; <I<xﬁl‘cfﬁ )
(p,e,p,u) = e . ) (60)
<P2,€27P2;Uimix+1)) v W Tipgpe < T <T; . 49 -

The solution to this one-cell Riemann problem problem at time t"*! can
be computed for polytropic gases according to the method of Gottlieb &
Groth [12], for stiffened gases following Plohr [21], and for more general
equations of state as described by Colella & Glaz [8] and Quartapelle et
al. [22].

A schematic of the initial conditions and idealized solution to this problem
is shown in Fig. 2, which depicts the pressure for the mixed cell at " on
the bottom and at t"*! on the top, in the particular case of a rarefaction-
contact-shock configuration. In this figure, the top (t"*1) diagram exhibits,
from left to right, the left " state, the leading left-most Riemann wave
(W), the contact discontinuity (W*), the leading right-most Riemann wave
(WE), and the right t" state. We emphasize that the states outside of the
leading waves are unchanged from their values at t" during the timestep
ot. If the left- or right-most wave is a shock, then the precise location of
this wave is unambiguous; if this wave is a rarefaction, however, then we do
not use the exact solution but instead choose either the head or tail of the
rarefaction as defining the location of this wave (as in Fig. 2). In the domains
delimited by these waves, i.e., between the left-most wave and the contact,
and between the contact and the right-most wave, we assume the Riemann-
problem pressure is constant in space at time t"*!; outside these waves, we
assume that the pressure retains its initial (i.e., at t") values. Depending on
the initial conditions of the Riemann problem, these assumptions may not

12



be strictly valid (e.g., when rarefactions are present); nonetheless, they can
be used in the optimization method that we describe below.?

Let the region to the left of the contact contain two sets €2y and €,
defined as

cont

Q= {x pl L <o < xleft} and (= {x capy < x <2l } ,  (61)
where % is the position of the left-most wave and 2P is the contact posi-
tion, both determined from the solution to the Riemann problem (identified
by the superscript “RP”). Denote similar subsets to the right of the contact
as (23 and y:

_ _ RP 1
O3 = {35 R < r < :Enght} and (y = {x Trigne < T < 3:”+ +1} , (62)

RP
where

solution.

is the position of the right-most wave of the Riemann problem

The key assumption of our approach is the following: we seek a single
updated pressure values for each material (i.e., on each side of the contact)
that minimizes the discrepancy between those values and the pressure given
by the Riemann problem solution in that domain. A mathematical expression
of this statement replaces the instantaneous pressure equilibration equation
(Eq. (53) in §3) while the other constraints of the model (Egs. (50)-(52))
still apply.

We express this relation mathematically as the following optimization
problem:

min
{ ntl ol 2n+1’5§+1} (”an ||+ st — p2RP||) (63)

Y

subject to the constraints given by Egs. (50)—(52):

fi = ar™ +entt -t =0, (64)
fo = g™+ a"“ "l =0, (65)
fy = & e+ A )

— {53“ — el + Py(rytt — 7-2”)} =0. (66)

50One could utilize the entire non-piecewise-constant solution pressure when a rarefac-
tion fan is present. Such a model introduces additional complexity to the relaxation model
presented below.
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In Eq. (63), pRY and p5Y are the solutions of the Riemann problem for the
pressure in materials 1 and 2, respectively. These quantities may vary as a
function of position in each of the these materials.

Using the Ly norm, the terms in Eq. (63) can be written in terms of the
locally constant pressure values in each domain:

~ 2 ~ 2
I = Rl = 0 (7 = pE7) 4+ (7 = p7) and (67)

- 2~ 2
[+t — pSPI| = s (p5 ™t — p5) "+ (5 - 257 (68)
Here, the nondimensional quantity Qj equals the measure of the set €; di-
vided by the entire cell length, dz"+!:
o Y . n+1 n+1\ .
% = (m % — min ) [ (@ = i) (69)

with this definition,

4
Q;>0,Vj, and > Q;=1. (70)
j=1
Outside of the leading waves, i.e., on sets {2; and €24, the Riemann problem
pressure equals the initial pressure:
pf =pt forx € Qy and pit =py forx € Q4. (71)

Between the contact and these waves, we assign the pressure to be the so-
called “star-state” pressure of the Riemann problem solution, described, e.g.,
by Toro [27] and LeVeque [17]:

pf =p* forz€Qy and py =p* forx € Q3. (72)
Therefore, Eqgs. (67) and (68) imply the following relations:
- 2 2

o7 = PP =00 (i = o) + Q2 (P =) and  (73)
- 2 - 2

5+ = PP =5 (05 —p") + Qu (3 —p3) (74)

We recast this constrained minimization problem as simple minimization
through the use of Lagrange multipliers. Specifically, to the expression to be
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minimized we add each of the constraint terms multiplied by an unknown pa-
rameter (the Lagrange multiplier) and then seek to minimize that composite
function. The overall minimization statement then becomes the following:

min
n+l _n+l1 n+1 n+1
{71 €1 5 T2 )\1,)\2,)\3}

where G = ||JUnJrl Pt 15T = 5T 4 Aufi + Aafa + Az fs. (76)

A possible extremum of the function G is obtained by finding a solution that
corresponds to a zero of the coupled set of nonlinear equations given by:

g( 1n+1 5;L+1 2nJrl n+1 )\1’)\2’)\3) (75>

0G/0X;=0,i=1,...,7, where X =[r et ot eyt Al,AQ,Ag}
(77)

Since the derivative of G with respect to a Lagrange multipliers is just the
corresponding constraint equation, parameter values that satisfy 0G/0X; =
0 perforce obey the constraint equations. Numerical solutions to this prob-
lem can be sought with Newton’s method for the system of equations given
in Eq. (77). In this case, the elements of the function f in the Newton’s
method described in Egs. (54) and (55) are comprised of the partial deriva-
tives 0G/0X;.

In practice, the terms in the objective function G are nondimensionalized
by local characteristic values, so that the contributions to G are comparable.
One such nondimensionalization is:

G = Ql ( n+1 _p?)2 /132 + QZ ( n+1 _p*)Q /}32
+ QO (p5t! — ) /0% + Qu (p3 ! —293)2/152

(™ + cpry ) 7t — 1

(crelth 4 cpelhth) Jemth — 1}

[ - e + PI(T1Jrl -7 )} /<’5nJrl

— [T - Pt )] e (78)

+ A\

(2
[
+A2[
A {

where p is a characteristic pressure of the entire zone at t" (e.g., p?mix).

4.2 Relaxation to a single pressure

Unlike the instantaneous pressure equilibration model, this approach does not
imply an unambiguous value for the pressure of the mixed cell. Consistent
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with the solution of the set of coupled model equations, one could assign
the overall mixed-cell pressure value as a spatial average of the two updated
pressures: . . . .

p?n—;i = ﬁ = (Ql + QQ) p?“ + (Qg + Q4)p§+1 . (79)
Alternatively, one could use the information from the sub-cell dynamical

evolution model to assign a single pressure to the mixed cell pressure based
on the extent of the wave propagation in the Riemann problem model:

p?r;i =p= Q1 Py + (Q2 + Q3) "+ Q4pg . (80)

These values enter into the overall algorithm in Egs. (21), (27), (30), and
(36). In the results of §5, the common pressure given in Eq. (79) is used.

To motivate heuristically why this approach leads to pressure equilibra-
tion with increasing time, we consider the structure of the Riemann problem
solutions. For polytropic gases, the four non-degenerate Riemann problem
solution configurations can be denoted, following Gottlieb & Groth [12], as:
RCS, RCR, SCR, and SCS, where the order corresponds to the wave family
from left to right, and the letter identifies the particular wave: “R” means
a rarefaction fan, “C” denotes a contact (across which the pressure equals
the star-state value and is continuous), and “S” indicates a shock.® There
are two cases: (1) the star-state pressure, p*, is bounded by the pressures on
the left and right (e.g, in the case of equal polytropic indices for the RCS
and SCR solutions with no initial velocity) and (2) p* exceeds the extremal
left and right pressures (i.e., p* is either less than the minimum pressure
or greater than the maximum pressure, e.g., in the case of equal polytropic
indices for the RCR and SCS solutions with no initial velocity).

Consider the first case and assume that p} < p* < p4 (the case with p} >
p* > ph is similar). For material 1, the result of the minimization process,
p?™, must be bounded by p? and p*: if it were not, then one could always
find a value p7™ that would give a smaller value of the convex combination
in Eq. (73). An analogous argument holds for material 2. Thus, at the end of
the timestep we have the ordering, p7 < pi™ < p* < p3™ < p2. Therefore,

the pressure difference at the end of the timestep, [pi** — py™|, is less than

6We ignore the vacuum boundary case. Additionally, the fifth case of the polytropic gas
Riemann solutions is the degenerate situation in which a vacuum region develops between
the opposing rarefaction waves, i.e., RCVCR, in the above notation. The consequences of
this situation with respect to pressure equilibration are comparable to those of the RCR
case.
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the pressure difference at the start of the timestep, |p? —p4|, i.e., the pressures
are relaxing toward equilibrium.

Consider now the second case and assume, without loss of generality,
that p* < pt, py; for the sake of argument, further assume that p} < pj.
In material 1, the result of the minimization process, pi™, must again be

bounded by p? and p*, and similarly for material 2: p* < pi*! < pt and

p* < pytt < p2. Considering possible values of the positive numbers €; in
Egs. (73) and (74), it is conceivable that the pressure difference could increase
during the timestep (not accounting for the effect of the other constraints).
Stated another way, these inequalities alone are insufficient to ensure that
the pressures tend toward equlibrium, i.e., one cannot immediately infer that
Ipi ™t — pi ™| < |p? — p3|. Additional special cases are those of a uniformly
translating contact and a uniformly propagating shock. The former perforce
obeys pressure equilibrium from " to "1, while the latter necessarily main-
tains pressure non-equlibrium through the timestep.

Therefore, while it is plausible that some initial (i.e., ") mixed-cell con-
ditions lead to a decrease in pressure difference over the course of a timestep
with our model (i.e., relax toward pressure equlibrium), other initial condi-
tions in the mixed-cell lead to the pressure difference between materials 1 and
2 increasing, at least temporarily. This (local) increase in the pressure differ-
ence between materials 1 and 2 is evident in some of the mixed-cell pressure
time history results of §5; see, e.g., Fig. 11. All of the problems we consider
in §5, however, lead to pressure equilibrium at late times. We speculate that
the constituent pressures are driven, at late time, to the star-state pressure
of a Riemann problem toward which the mixed cell evolves over many cycles.
This speculation assumes that there are not other perturbations that enter
the cell and drive it from equilibrium (such as occurs, e.g., in the problem of
§5.4 and evident in Fig. 14).

4.3 2-Material Riemann-Problem/Relaxation Model:
Numerical Implementation

The (single) pressure of a (two-material) mixed cell, p" . | where iy, is the
index of the mixed cell, enters into the overall algorirtn}llxm, influencing the
updated velocities at the edges of the mixed cell. Therefore, the manner in
which an overall pressure for the multi-material mixed cell is assigned will
have a direct impact on the overall results. In the predictor phase, this value
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enters in the evaluation of the predictor velocity u?“’* in Eq. (21), which
influences the cell edges positions in Eq. (23), cell volumes in Eq. (24), etc., as
well as in the predictor SIE in Eq. (27). Similarly, in the corrector phase, the
cell velocities, edges, volumes, etc., are affected by the predictor value of the
sole mixed-cell pressure in Egs. (30)—(36). The pressures of the individual
constituents in a multi-material cell are used to generate a single, overall
pressure for the entire cell. In addition to this value, the updated values of
the state of the two materials (viz., the specific volumes and SIEs) must be
carried along into the next computational cycle.

We now describe an algorithmic implementation of the mixed cell model.
As mentioned earlier, assume that we have, at time ¢", a common pressure
value, P for the mixed cell as well as the thermodynamic variables for
the individual constituents, 7', €7, 73, €5. In the predictor phase, the steps
listed in Egs. (20)—(27) are followed exactly, where the common pressure
value from the previous timestep, p?mix, is used for the mixed cell. After the
step in Eq. (27), predictor values for the overall mixed cell specific volume
and SIE are generated. Instead of the single-material pressure evaluation
given in Eq. (28), one invokes the mixed-cell model.

The full evaluation of the predictor values for the mixed cell is as follows.

1. Starting with the initial conditions specified by the mixed-cell state at
t", solve the mixed-cell predictor Riemann problem over the timestep
dt, which we represent notionally as R(7{", 7, 73, €5; 0t).

2. Use those results to determine the the star-state pressure and the
extent of wave propagation: R(rP,e?,75,e8;6t) = p* and Q;, j =
1,...,4 (see Eq. (69)); these quantities are used in the evaluation of
the pressure-difference expressions in Eqs. (73) and (74).

3. Obtain a solution of the associated minimization problem, given in
Egs. (75) and (76), for predictor values of the thermodynamic state
of the individual constituents, 7{"""*, P ™h* 70Fb* 1% using the

values at t" as an initial guess.

4. Evaluate the predictor component pressures with EOS calls: pZ“’* =
P(rith e, k=1, 2.

n+1,%

5. Evaluate the predictor common pressure, p , according to either

Eq. (79) or Eq. (80).
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For the corrector phase, the steps listed in Eqs. (29)—(36) are followed,
where the predictor common pressure value, p"*1*, is now used for the mixed
cell. Instead of the single-material pressure evaluation given in Eq. (37), the
corrector phase of the mixed-cell model is evaluated.

1. Starting with the initial conditions specified by the mixed-cell state
at t", solve the mixed-cell Riemann problem over the timestep dt:
R(] e, 74, € 0t).

2. Use the results of this problem to determine the star-state pressure
and the extent of wave propagation: R(7]", e, 73", €5;0t) = p* and Qj,
j=1,...,4 (see Eq. (69)), with which one can evaluate terms of the
pressure-difference expressions in Eqgs. (73) and (74).

3. Solve the associated minimization problem, given in Eqgs. (75) and (76),
for updated values of the thermodynamic state of the individual con-
stituents, 777, et 7t 2L here, the predictor values of these

quantities can be used as an initial guess.

4. Evaluate the corrector component pressures with EOS calls: ppt! =

Pt et k=1, 2.

5. Model the final common pressure, p"*!, according to either Eq. (79) or
Eq. (80).

5 Test Problems and Results

We now turn to several different test problems found in the compressible
flow literature to evaluate the methods described above. We focus on prob-
lems with exact solutions, so that we can rigorously evaluate and compare
the quantitative errors associated with different methods. While several
test problems exist and are used by the single-material compressible flow
algorithm development community (see, e.g., the overview by Liska & Wen-
droff [18]), fewer problems are available for code verification of multifluid
compressible flow.

In all of the problems we consider, the mesh initially consists of N, zones,
each of identical dimension 1/(N, + 1), with the exception of the central
zone, which is of width 2/(N, + 1). In that central zone, the mass and
volume fractions are assigned to be consistent with the initial conditions,
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and the initial interface between materials 1 and 2 is located in the geometric
center of that cell. When Newton’s method is used, we imposed an absolute
L, convergence tolerance of at least 107! in the nondimensional test cases
and 1077 in the dimensional water-air shock tube problem of §5.5. For the
results presented here, we assign the single mixed-cell pressure as the spatially
averaged value of the two sub-cell pressures of the constituent materials,
i.e., as that given in Eq. (79). We present graphical results consisting of
snapshots of the computed and exact flowfields at the final time along with
time-histories of the material state properties of the two materials in the
multimaterial cell. Additionally, we quantify the error between the computed
results and the exact solution.

5.1 The Sod Shock Tube

The Sod shock tube problem [25] is defined as the behavior of a polytropic
gas with the following non-dimensional initial conditions:

(14,1, 251, 0), if 0 <z<05,

(v pre.p,u) = {(1.4, 0.125,2, 0.1,0), if 0.5<z <1, sy

with a final time of ¢f;,q = 0.2. We refer to the material to the left of
x = 0.5 (“the interface”) as “material 17 and the material to the right as
“material 2.” The initial condition of the mixed cell, centered at = = 0.5,
consists of these two disparate states. The developing structure consists of
a rarefaction wave moving to the left, a contact discontinuity (tracking the
initial discontinuity between the two states) moving right, and a shockwave
moving right (faster than the contact). The exact solution to this problem
is evaluated and used to quantify the error in the computed solution.
Results of our method on this problem are shown in Figs. 3-5. Shown in
Fig. 3 are, clockwise from the upper left, plots of the mass density, pressure,
velocity, and SIE at the final time. These plots contain the computed values
(solid line) and exact solution (dashed line) plotted against the left ordinate
and the signed difference between the exact and computed results (dotted
line) plotted against the right ordinate. The values corresponding to the
individual material in the mixed cell are indicated with the symbol e. Errors
are present at the usual locations, e.g., at the head and tail of the rarefaction
and at the shock, with slight overshoots and undershoots at the contact. The
SIE in Fig. 3(a) exhibits obvious overshoot on the shock-side of the contact.
Table 1 catalogues the L; norm of the error between the computed results
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and the exact solution for the same flow variables, evaluated pointwise on
the computational domain for 100, 200, 400, and 800 zones. Also included
in that table is the outcome of fitting these results to the error ansatz,

Hycomputed - yexactHl = AAz? ) (82>

where Az is the initial, uniform mesh spacing of the problem (in all but the
mixed cell). These values are depicted graphically in Fig. 4. These results
suggest overall first-order convergence of the method.

Figure 5 contains time-history plots of the (from left to right) pressure, the
mass density, and SIE of the two materials in the mixed cell, for the (from top
to bottom) 100-, 200-, 400-, and 800-cell results. In these figures, the solid line
indicates the left material (material 1) and a dotted line represents the right
material (material 2). It is clear from these results that pressure equilibrium
obtains for this problem by this method. Note that relaxation to equilibrium
is not monotonic in the pressure difference as time progresses. Moreover, the
zoning study shows that the effective relaxation effect is proportional to the
mesh spacing, i.e., the time step.

5.2 The Modified Sod Shock Tube

Various authors have proposed modifications to the standard Sod shock tube
problem discussed in the previous section. We consider the variant used by
Shashkov [24], with the following non-dimensional initial conditions:

2,1, 2,2, 0, if0 <z<05,

(v, p:.pu) = {(1.4, 0.125,2,0.1,0), if 05<z<1, )

with a final time of ¢;,,,; = 0.2. As in the standard Sod case, the initial con-
dition of the mixed cell, again centered at x = 0.5, contains both of these two
distinct states. The solution structure is the same as the standard Sod case;
however, this modified problem allows one to test the truly multimaterial
aspects of our algorithm.

Results of our method on this problem are shown in Figs. 6-8. Shown in
Fig. 6 are, clockwise from the upper left, plots of the mass density, pressure,
velocity, and SIE at the final time. These plots contain the computed values
(solid line) and exact solution (dashed line) plotted against the left ordinate
and the signed difference between the exact and computed results (dotted
line) plotted against the right ordinate. The values corresponding to the
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individual material in the mixed cell are indicated with the symbol e. The
stronger initial pressure difference of this problem leads to greater over- and
undershoot at the shock than the standard Sod problem; as in the standard
Sod results, overshoot in the shock-side SIE is seen.

Table 2 shows the L; norm of the error between the computed results
and the exact solution for these flow variables, computed pointwise on the
computational domain for 100, 200, 400, and 800 zones, together with the
fit of those results to the ansatz in Eq. (82). The convergence results are
slightly more uniform for this problem than for the standard Sod problem.
These values are plotted in Fig. 7.

Figure 8 contains time-history plots of the (from left to right) pressure,
the mass density, and SIE of the two materials in the mixed cell, for the (from
top to bottom) 100-, 200-, 400-, and 800-cell results. In these figures, the
solid line indicates the left material (material 1) and a dotted line represents
the right material (material 2). These results are qualitatively very similar
to those of the standard Sod problem, with slight non-monotonic behavior
in the pressure difference, which ultimately goes to zero.

5.3 Moving Shock Problem

This problem tests the steady propagation of a shock wave in a uniform
material and is used to assesses the impact of the multimaterial algorithm
on the otherwise uniform flow. The non-dimensional initial conditions are:

(5/3,4, 0.5, 4/3, 1), if ~1<z<0,

(’V’p’e’p’w:{(as/s, 110 2/3x1040), if O<z<1, OV

with a final time of ¢,y = 0.5. These initial conditions approximate an
infinitely strong shock wave moving into quiescent gas at speed u, = 4/3.
The default mesh for this problem contains 256 cells on —1 < x < 1. The
mixed cell is initially centered at x = 0.0 and contains the two states indicated
above.

Results of our method on this problem are shown in Figs. 9-11. Shown in
Figure 9 are, clockwise from the upper left, plots of the mass density, pressure,
velocity, and SIE at the final time; again, the computed values (solid line)
and exact solution (dashed line) are plotted against the left ordinate and
the signed differences between these values (dotted line) are plotted against
the right ordinate, with the mixed-cell values indicated by the symbol e.
The perturbation in the results to the right of the origin in these plots is a
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residual of the start-up error associated with the initial shock location at the
origin.” The additional discrepancies in the solutions are associated with the
contact (at x = 0.5) and the shock (at = 2/3), where, again, over- and
under-shoots occur, with the SIE overshoot being most pronounced.

Table 3 shows the L; norm of the error between the computed results
and the exact solution for these flow variables, computed pointwise on the
computational domain for 256, 512, and 1024 zones, together with the fit of
those results to the ansatz in Eq. (82). These values are depicted graphically
in Fig. 10. These results again suggest overall first-order convergence of the
method.

Figure 11 contains time-history plots of the (from left to right) pressure,
the mass density, and SIE of the two materials in the mixed cell, for the (from
top to bottom) 256-, 512-, and 1024-cell results. In these figures, the solid line
indicates the left material (material 1) and a dotted line represents the right
material (material 2). These results present clear examples of the pressure
difference converging at early time, diverging at intermediate time, and then
relaxing to zero at late times. The pressure histories for this problem support
the contention posited in §4.2, that the pressures computed with this model
do relax to equillibrium, but in a possibly non-monotonic manner.

5.4 Shock-Contact Problem

This problem tests the transmission and reflection of a Mach 2 shock through
an initially stationary contact discontinuity between two materials with dis-
parate adiabatic indices. This problem was used by Banks et al. [3] to evalu-
ate high-resolution Godunov algorithms for multimaterial, compressible flow
in the Eulerian frame. To three significant figures, the non-dimensional initial
conditions are given by:

(1.35, 2.76, 4.60, 4.45,1.48), if 0 <z <O0.1
(v, p,e,p,u) =< (1.35,1.0, 2.86, 1.0, 0.0), if 0.1<x<05, (85)
(5.0, 1.9, 0.132,1.0, 0.0), if 0.b<z<1,

with a final time of ¢f;,a = 0.25. The default mesh for this problem has
274 cells on the initial domain —0.37 < z < 1. In the calculations we
use high-precision initial conditions corresponding to a Mach number of two

"Evocative of this phenomenon are post-shock oscillations, as discussed by Arora &
Roe [2] and LeVeque [17] for Eulerian shock capturing schemes.
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corresponding to a shock speed of u, = 2.32, as given in Table 4. The mixed
cell is initially centered at x = 0.5 and contains the quiescent states of the
materials with differing adiabatic indices. The shock meets this material
interface at ¢ = 0.172. The numerical solution for the flow state at any
time can be obtained using standard shock relations (see, e.g., the report by
Hurricane & Miller [13]); high-precision results for the final time are given in
Table 5.

Results of our method on this problem are shown in Figs. 12-14. Shown
in Fig. 12 are, clockwise from the upper left, plots of the computed (solid
line) and exact (dashed line) mass density, pressure, velocity, and SIE at the
final time, together with the signed difference between these values (dashed
lines), as well as the mixed-cell values (o). The residual of the start-up error
is evident near the origin. The reflected shock is somewhat noisier in both
density and SIE than the transmitted shock, while the contact exhibits a
notable undershoot in the constituent density. Table 6 catalogues the L,
norm of the error between the computed results and the exact solution for
these same flow variables, computed pointwise on the computational domain
for 274, 549, 1099, and 2199 zones, together with the fit of those results to
the ansatz in Eq. 82. These values are plotted in Fig. 13. These results again
suggest overall first-order convergence for this problem.

Figure 14 contains time-history plots of the (from left to right) pressure,
the mass density, and SIE of the two materials in the mixed cell, for the (from
top to bottom) 274-, 549-, 1099-, and 2199-cell results for the initial domain
—0.37 < x < 1. In these figures, the solid line indicates the left material
(material 1) and a dotted line represents the right material (material 2).
The mixed cell is initially in pressure equilibrium, which is disturbed by the
passing shock, which leads to slight pressure non-equlibrium, which rapidly
diminishes.

5.5 Water-Air Shock Tube

The water-air shock tube has become a standard test problem in the mul-
timaterial compressible flow community, as it tests inherently compressible
flow features, uses a slightly more complicated and stiffer EOS than the stan-
dared polytropic gas, and possesses a directly computable solution. Varia-
tions of this problem have been evaluated by several researchers, including,
e.g., Andrianov [1], Johnson & Colonius [14], Luo et al. [20], and Saurel &
Abgrall [23].
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The thermodynamic properties of water in this problem are given by the
stiffened-gas EOS:

p=(O—-1pe—7px, (86)

for which the square of the sound speed is given by

es? = 7 (y = 1) <e—p;0)=v<p+pm>/p' (87)

The initial conditions for this problem, in mks units, are:

( e, p,u) = (4.4, 6x 108, 10%, 1.07x 105, 10°, 0), if 0 <z <O0.7,
Y Py P, €, P,y - (14’ 07 507 5)(]_047 ]_067 O), if 0.7<zxz< ].,
(88)

with a final time of tfjpq = 2.2 X 10~* s. The multi-material cell is initially
centered at x = 0.7 and contains the two materials specified above. The
exact solution we use here is based on the solver described by Plohr [21].

Results of our method on this problem are shown in Figs. 15-17. Shown
in Fig. 15 are, clockwise from the upper left, plots of the computed (solid line)
and exact (dashed line) mass density, pressure, velocity, and SIE at the final
time, together with the signed difference between these values (dashed lines),
as well as the mixed-cell values (o). Due to the wide dynamic range, the
pressure results are depicted on a semi-log plot. Notable are the undershoot
in density and overshoot in SIE at the contact; the strong rarefaction is
reasonably well captured. Table 7 gives the L; norm of the error between the
computed results and the exact solution for these flow variables, computed
pointwise on the computational domain for 100, 200, 400, and 800 zones,
together with the fit of those results to the ansatz in Eq. (82). These values
are depicted graphically in Fig. 16. The density error on the coarsest mesh
appear uncharacteristically small. Overall, these results imply first-order
convergence of the method for this problem.

Figure 17 contains time-history plots of the (from left to right) pressure,
the mass density, and SIE of the two materials in the mixed cell, for the (from
top to bottom) 100-, 200-, 400-, and 800-cell results. In these figures, the solid
line indicates the left material (material 1) and a dotted line represents the
right material (material 2). The pressure difference monotonically relaxes to
zero for this problem, although the pressure of material 1 is non-monotonic.
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6 Summary and Conclusions

We have considered the problem of closing the system of equations for a
two-material cell under the single velocity, single pressure assumption in one
dimensional Lagrangian hydrodynamics. We treat the constituents in these
multi-material cells as distinct, which presents the problem of how to assign
the thermodynamic states of the individual material components together
with the nodal forces that such a zone generates, despite a lack of detailed
information within such cells. Our approach is motivated by the work of
Lagoutiere [15] and Després & Lagoutiere [10], in which the change in heat
in the constituent materials in the mixed cell is assumed to be equal. This
mixed-cell model can be cast as a set of four nonlinear equations in four
unknowns consisting of the updated values of the specific internal energy
and the specific volume for each of the two materials in the mixed cell. A
solution to this set of nonlinear equations comprises one part of an overall
predictor-corrector scheme for solving the governing conservation laws.

We break the assumption of instantaneous pressure equilibration among
the mixed-cell constituents in the work of Lagoutiere [15] and Després &
Lagoutiere [10] by imposing a sub-cell dynamics model that uses a minimiza-
tion problem based on a local Riemann problem. The unique contribution of
our work is the use of this physics-inspired, geometry-based approach both (i)
to break instantaneous pressure equilibration by relaxing the individual sub-
cell pressures to equilibrium and (ii) to determine the single updated value of
the relaxing-toward-equilibrium pressure assigned to the overall mixed cell.
We have provided the full equations for our method as well as a description
of their algorithmic implementation.

We present results of our method for several test problems, each having
a directly computable solution with either ideal-gas or stiffened-gas equa-
tions of state, together complete details of the initial conditions for each
problem. Quantitative evaluation of the difference between our computed
results and the exact solutions demonstrates very nearly first-order conver-
gence on each of these five problems. The mixed cell pressures in all problems
evolve smoothly—but not necessarily monotonically—toward equilibrium on
a timescale that decreases approximately linearly with d¢. The mixed-cell so-
lutions exhibit slight over- or undershoots in density (most noticeable in the
shock-contact and water-air shocktube problems) and SIE overshoot (seen in
the Sod, modified Sod, moving shock, and water-air shock tube problems).
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Appendix A: Exact Solutions for Instantaneous
Equilibration of Polytropic Gases

In this appendix we provide explicit formulae for the updated (£"*1) thermo-
dynamic state of the two materials in the mixed cell assuming instantaneous
pressure equilibration. These results are solutions of Eqs. (43)-(46). We pro-
vide closed-form solutions for four approaches: (1) the closed-form solution
of Loubere et al. [19] (which we refer to as the LSDL model), (2) the “fully
implicit” model, (3) the “fully explicit” model, and (4) the “thermodynami-
cally consistent” model. These expressions can be used in both the predictor
and corrector phases of the algorithm presented above.

A.1 The LSDL Model

The LSDL model [19] assumes both materials are described by a polytropic
EOS, with possibly different adiabatic indices. The assumption here is equiv-
alent to the “fully implicit” model. In [19], Loubere et al. present a compact
form of the exact solution. For this result, define the parameters:

D=cim+cy, a=cf—¢e, b=1"—-17, (A1)
a; = (7o et 4 e a)/D, ay=(m et ¢ a)/D, (A2)
ﬁl = Cgb/D, ﬂg = —C b/D (A?))

Loubere et al. show that the closed-form expression for the overall mixed cell
pressure is given by

Haleg(n—1Dar+e(p—1)as]/

{7‘"4—1 —C (71 - 1) B1 — co (72 — 1) ﬁQ} . (A4)

From this quantity, the mixed cell constituent specific volume and SIE are
given as:

p

7= =) [(en/p") + B (A5)
T = (12 = 1) [(aa/p™) + o] (A6)
6711+1 =y + 51 pn+1 ’ (A7)
st =y + Gt (A8)

With these values, the associated properties of the constituents of the mixed
cell can be evaluated.
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A.2 The Fully Implicit Model

In the “Fully Implicit” approach, the pressures in Eq. (46) are given by P, =
Pt and Py = piT. This is equivalent to the assumptions of the LDSL [19]
model of the previous section. As an alternative to those results, symbolic
manipulation software was used to obtain closed-form expressions for the
solution in this case. Omne must distinguish between the case of identical
gases (i.e., 71 = 72 =) and that of non-identical gases (i.e., v1 # ¥2).

A.2.1 Fully implicit, identical gases

When v, = 75 = 7, the solution is given as:

p=(y—1)" /7", (A9)
18T ka0 =) O =)t e
! v (c1 + cg) T ’
o _7ET T a0 =) O - ) =
2 v (c1 + cg) Tt ’
ot 1T e =) (O — ) e
! v (c1 + ¢p) entl ’
2 G [ = D (= et e e ]
2 — .

~ (Cl + 62) 5n+1

A.2.2 Fully implicit, non-identical identical gases

When 7, # 75, the solution is given as:

p e (11 = 72) (e — €5) 4 [err2 (91 — 1) + com1 (72 — 1)] ™
(com1 + e1y2) T —erca (71— e) (71 — 73)
wp1 PETT M b ey (e = 1) (1] = 1) €M 4 (ef — ) 7]
b (coy1 + c1ye) T — cica (1 — e) (T — 73)
ne1 NETTM — e [( = 1) (7] = 13) e+ (e — ) T
2 (com1 + e1y2) T = erca (v — o) (71 — 73)
7.{1+1 — (,}/1 _ 1) {72 8n+17_n+1
tor (2= 1) (7 = 1) e + (e} — ) T}
{eam (72 = 1) + 172 (3 — D] ™ + crea (v — 2) (€7 — €3)} {ALT)
= (e — 1) {m "t

(A14)

, (A15)

, (A16)
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—ar [ =D (= 7) "+ (e —ep) ]}
e (2 = 1) + vz (1 = D] €™ 4 crea (11— 72) (€7 = 53)}78A18)

In the case that |y; — | — 0, direct algebraic manipulations show that
Eqgs. (A14)—(A18) reduce to the previous, equal-y case.

A.3 The Fully Explicit Model

The “Fully Explicit” formulation uses P, = p} and P, = py in Eq. (46).
The algebra required to evaluate a closed-form solution is complicated, but
symbolic manipulation software can be used to obtain expressions for the
solution in this case. One must distinguish between the case of identical
gases (i.e., 71 = 72 = v) and non-identical gases (i.e., 73 # 72). In the
latter case, the solution is complicated by the fact that the pressure satisfies
a quadratic equation; consequently, in that case there are two algebraically
admissible solutions.

A.3.1 Fully explicit, identical gases

When v, = 75 = 7, the solution is given as:

p=(y— 1"/, (A19)

entl e e 4 phy Tt 4 (e — b + P — i)
(c1 + c2) et + (c1ph + copit) T

entl e e 4 pi ! — e (6] — 5 + i — piTy)] o (A21)
(c1+ co) ™™t + (c1ph + copf) T

it Z T ET T o (e — e+ pir! — pir)]
(c1 + c2) et + (c1ph + copit) T

w1 THEM I — e (€T — €8 4+ piT — phTy)]

T — . A23
; (61 + c2) 0 T (crph + coph) 770 (A23)

, (A20)

C(A)

A.3.2 Fully explicit, non-identical gases, first solution
When 7 # 79, one solution is given as:

p= ; {(Cl + 02) Tn+1} -

{ lan=1+e(p—1)]e!
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—lea(m — 1) pt 41 (72 — 1) ph] 7

+c160 (71— 72) (€7 — €5 + Py — Po7y)
— [402 (11 —72) (v2 = 1) (cop? + caph) 7"
x e i e (e — e i — )
+H{=[er (1 = 1) +cg (72 — 1)] ™
— (2 — 1) (c1ph + cop}) 7"
n_n n n n_mn n_mn 211/2
+co (71 — 72) [pl T —C (61 — & +PITy — Doy )]} } }(A24>

et =—ler (e +e) (n—7)

N |

{ = (=1 (1 +e) ™ =[e(n—1)p} + e (32 — 1) pp] 7
tor (v — ) [ + e (6 — & + pi — pird)]
—[4es (11 = 2) (2 = 1) (o + crpp) 7
x [ Pl e (e — e i — )
Hla(n =D +e (1] ™!
— (72 = 1) (c1ph + coptt) 71

n_n n n n,_n n._n 1/2
Ferln — ) i I— (el — 5+ pir — ] Y] A 2s)

1 _
eptl = 5 [e2 (e1+ ) (1 = 72)]
><{ (m—1)(c1+c2) e +ea(yi — 1) pf + 1 (92 — 1) ph] (e
tea (v — ) [ — a1 () — & + iy — ph7y)]
—[des (n —72) (2 = 1) (eopt + eapp) 7
x [emth 4 pirmtt — ey (€] — €} + piry — pid)]
Hola(m -1 +e(p-1)]
+ (72 = 1) (e1phy + copl) 7"
n,_n+1 n n n,_n n,_n 2 1/2
—c2(m — 72)[1717'1 +ei(ef — ey +piT — Ph7s )}} } <}A26)
1 _
= 5 [er(n =) (el + copt)] '

{ er (= 1) + 02 (1= 1)] € + (= 1) (eaph + cap) 77
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ter (1 — ) [P + o (] — e + piry — phS)]
+[4es (1 = 72) (32 = 1) (cap} + c1p) 77!
x [ Pl e (e — 5+ pir! — )
H-lan =D +e(rp—-1] e
— (2 = 1) (e1ph + copft) 77
n,_n+1 n n n_n n_n 211/2
+ea(n — ’)/2)[])17'1 —c1 (e — &3 +piT{ — PhTy )}} } (}A27>

n 1 o ]
T +1 _ = [c2 (71— 72) (c1py + cop})] :

x{ler(n = 1) + 02 (12 = D] " + (32 — 1) (eap} + cop}) 7
—cy (11— ) [ = e (€7 — e + piry — Pl

+[4es (31 = 72) (72 = 1) (cap + crpy) 7"

x [ Tt = (e — e i - p )]
Hla(n—1) +e(rp—-1)]
(= 1) (capy + eapf) T

n_n n n n,_n n_n 1/2

A.3.3 Fully explicit, non-identical gases, second solution
When 7, # 75, a second solution is given as:

p= ; [(01 + o) T"H} -

{ fam—1+e(p—1)]
+lez(m = 1)py + e (2 — 1) pg] 7"
+ac(n —7) (€ —ey + i — pi7y)
+[4es (1 = 72) (32 = 1) (cap} + c1p) 77!
x [+ pi e (6 — e+ pim — phrs)]
H-la(n—1) +e (-1
— (92 = 1) [cap} + cap] 7
+e2 (= 2) [piT—cr (6] — &5 + i1 — Py )]}2} } (A29)
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1 _
ertt = 5 [e1(e1+ ) (11— 72)] 7

{= (=1 (a1 +e) e —lea(n = Dpf + 1 (= 1) p3] 77
er (1= 2) [ e (e — 5 i — )
+[402 (71— 2) (2 = 1) (cop! + crph) 7"
X e P e (e — & i — )
H-la(n—1) + e (-1
~ (2 = 1) (errf + eap}) 7
n,_n+l n n n,_n n,_n 211/2
+ca(m — 72)[]917'1 —c1(ey — ey + i — a7y )}} } <}A3O>

1 _
eptt = 5 [ea(c1 4 c2) (71 —72)]
{1 = 1) (e 4 e2) €™ + 2 (1 — 1) + 1 (32 — 1) p] 7!
tea (1 — ) [ — a1 () — & + i) — phry)]

—[4es (1 = 72) (32 = 1) (cap + crpy) 77

x [ Tt = e (e — e i — pa )]
Hlao(n =D +e(rz =] ™!

— (2 = 1) (cap + cap) 7"

+e2(11 — 72) [p17'1 Tl (6] — 5 H i — iy )}}2} (}A?’l)

1
7.{1+1 — 5

c1 {7 — C2 (Y2 — € " - CoPy T C1Po) T
x{ ler (= 1) + e (v = D)™ + (n = 1) (eapf + eapyy) 7
e (1 — 1) [PET + e (6 — &b + pir — pd)]

[c1 (71— 72) (cop + Clpg)]_l

—4es (1 = 2) (2 — 1) (o + crpp) 7
x e = pirt T = e (e — e+ pim — pir)|

H-la(mn—D+ec(r—1)] "
— (72 = 1) (e2p} + crpy) 7"
n_n n n n,_n n_n 1/2
+eo (11— 2) [pl T ¢ (e — ey +pim — Py )} }2} GA32>

ot ="y (71 — y2) (caph + cap?)] ™!

N | —
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x{=[e1(n = 1) + 2 (2 = D] ™ = (72 = 1) (eap}h + cop}) 7!

e (=) [PirH = e (67 — & + piry — Py

[ dea (1 —2) (2 = 1) (eopi + eapl) 7

x [ i = (€ — e+ b — p)]
Hola(m -1 +e(p -1

= (72 = 1) (eapy + capf) 7"

n_n n n n,_n n.n 1/2
ool — ) [pRrp e (6 — <5+ pirt — pr)] 3] As3)

A.4 The Thermodynamically Consistent Model

The “Thermodynamically Consistent” assigns the pressure in Eq. (46) to be

the arithmetic average of the fully explicit and fully implicit values: P, =

% P+ p?“), and P, = % (pg + p§+1). Symbolic manipulation software can

be used to obtain closed-form expressions for the solution in this case. One
must again distinguish between the case of identical gases (i.e., 73 = v =)
and non-identical gases (i.e., 71 # 72): there are two solutions in the latter
case, both of which are more complicated than in the fully explicit case above.
A.4.1 Thermodynamically consistent, identical gases
When v, = 75 = 7, the solution is given as:

p=(y—1)e"r/m, (A34)

n+1 n+1/,_n+1 n+1 n ny n+1 -1
AR (5 /T ){{(7+ 1) (c1 +c2) €™+ (capt +c1py) T }}
% {[(74_ 1)8n+1 +p37n+1} s+l
+or [(y = 1) (7] = 7)) e 4 (26 — 2¢5 + pit — pirg) T J(A35)

entl = (5”“/7”“) { {(”y +1) (c1 4 c2) €™+ (copt + c1ph) 7'"“} }_1

T =y e (26— 2e8 + i — ) T J(A36)

)
)
-1
(c1 4 c2) €™ + (cop + 1) THH}
)
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(17 = 73) 7 o (267 = 285 + oo — p) 7 HAST)

T

)
-1
(c1+ ) €™ + (copt + crph) THH}
) n+1 n n—&-l} n+1

)

—or (7= 1) (7 = 7)™+ (2] — 227 + iy — phrg) 7| H(AB8)

A.4.2 Thermodynamically consistent, non-identical gases, first so-
lution

When 7, # 5, one solution is given as:
p=3{ee(n =) (f — ) ~ [ (n + 1) + e + D)}
x{=la(n =D+ +eam+1) (p-1] "
+lea(n =1 pf + e (2 — 1) ps] 7
— 12 (1 — 2) (267 — 25 + P T — 3 7y)
+{4 (71 = 1) (2 = 1) (copy + capiy) "
{lev (2 +1) + 2 (m + )] 7" = crea (1 = 72) (71" = 73)}
Hleanm =10+ +e(n+1)(p-1)]H
— e —Dpf +e(p—1)py] ™
tenes (1 — ) (225 — 25 +pirl — )] Y (A39)

1 n n
= ————1C1C — T1 — T
261(’)/1—’)/2>{ 1 2(71 72)( 1 2)

n+1 __
€1

e (e+1)+en+ D]
x {{lea (v = )P+ (2 — 1) py) 7
tlea(p+)+en+1)] (e —1)e"
—c1(m =) [202 (2 — 1) (7] — 73) e
+ (o + 1) 7™ 4y (287 — 265 4 pirl — phry) 7]

+r [4 (1= 1) (72 = 1) (capif + capy) €™

x{ler (e +1) + e (m + 1)) 7"

—c1c2 (1 —72) (' — 79)}
HlaMm=—DMm+)+ean+1)(n-1)]"
+lea(n =D+ e (2 — 1) ps] 7
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n n n,_Nn n,_Nn 1/2
+e1ca (11— 72) (267 — 225 + iy — ph7s)}?] T} (A40)
1

el —  _fee — ) (T — T
2 202(%_72){12(71 2) (11 >)

—Ja(e+1)+e(m+ D
x {{le2 (n = D) P} + 1 (2 — 1) pj] 7!
tlea(p+ ) +en+Dl(n -1
—co (1 — ) [261 () = 1) (7] — 73) "
— (1 + 1) 7" e (287 — 22+l — phry) 7]

+7" 4 (n = 1) (32 = 1) (eap} + cap}) &

x{[er (2 +1) +ea (n + D] 7

—cica (71— e) (1 — 73)}
Hlam -1 e+ +e(n+1)(p—1]
—lex(m =D pf +ei (e — 1) ps] 7
terer ( — 1) (22 — 255 + gy — pbr) Y]} (Ad)

= g (et + )
x {(m = 1) (e1pf + cap}) 7
tlam=1)(e+1) +e(n+1) (= 1))
+er (= 72) [P 4 ep (267 — 265 + pi — py7y) |
+{4 (7 = 1) (92 = 1) (cop} + crpy) "™
x{ler (2 +1) + e (ma + 1)) 7
—c1c (1 — %) (' — 79) }
Hlam=-1DMe+)+eanm+1) (-1
—[ea(m =1 pf + 1 (e — 1) py] 7
Feres (11 — ) (255 — 25 +pirt — i)y ), (Ad2)
n = (711 o) e k)

x{ (32 = 1) (cxp} + cop}) 7

+lan—=—1)0+v)+ec(yn+1)(yn—1) entl
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—cy (71 — 7o) [PPT" = e (26T — 2e5 + pPr — phTy) ]

+A(n = 1) (32 = 1) (e2p} + cap}) €
x{ler (2 +1) + ¢ (y1 + 1] 7
—ciez (71— ) (1" — 73)}
Hlam—1(r+)+eMm+1) (-1
—[ca (= 1) pf + e (2 — 1) p5] T
Feres (11 — ) (25 — 25 + pirt — )] )L (A43)

A.4.3 Thermodynamically consistent, non-identical gases, second
solution

When 7, # 75, the second solution is given as:

p= _; {0162 (=) (' —=713) =1 (e + 1) + 2 (1 + 1)] TnH}—l

<{ lea(n=1(+D)+e(n+1)(p-1) "
—[ea(m =1)pi + e (e — 1) ps] 7"
+eice (11— 2) (267 — 265 + i1’ — P57y
A = 1) (32 = 1) (eapf + crpy) ™!
< {ler (a+ 1)+ e2 (m + D] 7= caca (31— 2) (77 = 73)}
Hlam =D+ +en+1) (-1
—[eeMm-Dpf+a(p-1p] ™
a1 (= 72) (28] — 265 + pim)' — ph7y )}2} } ; (Ad4)

! seea(n =) (7 = 7)

n+l _
2¢; (’Yl — 72

€1

—[e(a+ D)+ e+
< {{le2 (v = )P} + 1 (2 — 1) py] 7
tla(e+1D) +e(yn+ 1] (-1}t
—c1 (= 72) [262 (y2 = 1) (7" — 73) €™
+ (y2 + 1) 7" oy (267 — 26 + piTy — i) T
—m 4 (1 = 1) (2 = 1) (copf + cap}) €™
x{ler (v2 + 1) + ¢ (ya + D] 7
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—cico (1 — ) (11" — 13)}
Hlam—D(Me+D+cn+1)(r-—1 "
—[ea(m =D pt + 1 (2 — 1) ph] 7
a1 (m —72) (28] — 285 + pimy' — ph7y )}2} } ,  (Ad)
1

etl——— — —  _lee - ™ — Ty
2 202(%_72){12(’71 72) (7] 2)

—la(e+ D) +e(n+ D
< {{lea (n = D) p} + 1 (2 — 1) p3] 7
tlea(p+)+en+D(n -1
—c(m =) [2a (m —1) (7 —73) gntt
— (1 + D) e ey (28T — 268 4 pirl — phTa) T
-7 {4 (71— 1) (72 = 1) (capif + capy) €™
){ler (2 + 1) + ¢ (3 + D] 7
—c1c2 (11— 72) (' — 73)}
Hlam=D0e+1D)+eln+1)(yp-1)] "
—[ea(m—1)pi + 1 (2 — 1) pg] 7
Tere (=) (265 — 255 + i — i) }] ) (Ad6)
= M (copt + c1pf) ™"
{1 = 1) (eapft + erpp)
tlan =1 (e+1)+e(n+1) (-1
+c1 (1 —2) [pngH + ¢ (267 — 2e5 + piT — Py7y) ]
—[4 (71 = 1) (2 = 1) (eop + capy) "™
x{ler (2 + 1) + ¢2 (ma + 1)) 7"
—ciea (71— 2) (7' — 73)}
Hlam =DM+ +ein+1)(p -1
—7" ey (= 1) pi + 1 (2 — 1) p5]

Ferca (= 2) (267 — 265 +pi'1{" — a7y )}2} }7 (A4T7)
1
TTL+1:_ Cpn+cpn—1
2 202(71_72)(21 12)
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x {(n2 = 1) (capff + crp}) 7

tlean =1 (e+1)+e(n+1) (-1
—ca (71— 2) [p?TnH — 1 (2e] — 2ey + piT — Py7y) ]
_[4 (71 = 1) (92 = 1) (eapl + crpy) "™
x{ler (2 + 1) + ¢2 (ma + 1)) 7"
—ciea (71 —2) (1" — 73)}
Hla(m =D (e+1)+e(n+1)(pn -1
—le2(m =) pl + e (2 — 1) ps] 7

n n n__n n__n 1/2
+erea (1 — 2) (267 — 2¢5 + iy — b)Y T} (A48
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Appendix B: Jacobian Elements for the In-
stantaneous Equilibration, Polytropic Gas Model

In this appendix we provide explicit formulae for the elements of the Jaco-
bian matrix used in the Newton iteration for the solution of Eqgs. (50)—(53)
describing the instantaneous pressure equilibration model. The elements of
this matrix depend on the modeling choice made in describing the pressure
term Py in Eq. (53).

The first two rows of the Jacobian are independent of the EOS. The
elements of these two rows are given by:

o Of . Of  Ofi
8ZE1 = A 8x2 N 07 6.133 =@ 61'4 N 07 (B1>
dfs Ofs Ofs Ofs

(9:1:'1 N 07 (9.%2 =a; 81'3 N O’ 833'4 = % (B2>

The fourth row of the Jacobian, while independent of the closure model,
depends on the EOS through the pressure term:

fs P P

bR B
833'1 8301 (97'1 7 ( 3)
af4 P, P,
LN e B4
8x2 (%g 861 ’ ( )
af4 0P, OPs
4 T2 72 B
8.1'3 8373 87'2 ’ ( 5)
af4 OPs IPs
—— = = - B
6174 (91‘4 862 ( 6>
For the (incomplete) polytropic EOS,
P(re)=(y—1)er, (B7)
these terms can be evaluated explicitly:
0
aﬁ:—(%—l)$2xf2:—(%—1)5171_27 (B8)
0 _ _
e R E R e (59
0
F. = Ue—1)x323" = Yo—1l)EaTy ",
T - (n ~1) 275" (B10)
0 _ _
e R (B11)



The third row of the Jacobian depends on both the closure model and the
EOS through the pressure term. The modeling choice of when the pressure
is evaluated affects the specific form assumed by the Jacobian element in this
TOW.

B.2 The Fully Implicit Model

In the “Fully Implicit” case, P, = pytt = Py(r{, i) and P, = pi™' =
Po(rytt, ebth), so that

fs = e =l + Pt e (T = 1)
— ST -+ Pt (- 1) | (B12)
= f3 = x9—el +Pi(xr,22) (11 — 717)
— [wy — 5 + Pa(ws, 24) (23 — 75) | . (B13)

The corresponding Jacobian elements are:

gﬁz gzl (21— 77) + Py (21, 02)

_ gﬁ (z1 — 1) + Py (21, 22) , (B14)
s Rt

= 14+ gﬁ (x1 — 1), (B15)
2;;};33 - _ gfj (x3 — T15) — Po(xs,24)

_ gﬁ) (25— 72) — Po(ws, 1), (B16)
%:_1_‘22 (25 — 73)

:_1+§£ (23— 73 . (B17)
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B.3 The Fully Explicit Model

For the “Fully Explicit” case, P, = p} and P, = pj, independent of the
updated state vector x, so that

fa = et =t +pi (Tt - )
— [t = -] (B18)
= f3 = -l +pi(ti—1)
— (x4 — ey +py(z3 —73)] . (B19)

The corresponding Jacobian elements are:

os .,

e T, (B20)
gﬁ: 1, (B21)
B, (B22)
gi i ~1. (B23)
B.3 The Thermodynamically Consistent Model
For the “Thermodynamically Consistent” model, P, = (pl +p7f+1> and

P = <p2 + p”“) which imply

foo= e g (PG ) (- )
- —€§+1 —eh + ; ( + Py (ryt! 53“)) (ot — )} (B24)
= f3 = xs—el+ ; (p} + Pi(z1,22)) (1 — 77")
— :x4 —ey + ; (py + Pa(xs, x4)) (23 — 72")} . (B25)

The corresponding Jacobian elements are:

dfs  10Py

n 1 n
or 201, (x1—71)+§(171 + Pi(x1, 22))
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s
8@

43

1
—7y) — = (Py + Pa(xs, 14))

) — ! (py + Pa(ws, z4))

107
20z, 1T T
10P
= 1 58721 (371 7_1n)

10f n
=1 567;;(51—71)7
BUCY
2833'3 i 2
R0
20, 2 272
1 0P, .
T 204, (w3 — 73)
10f "
=-1 5672@3 ),

(B26)

(B27)

(B28)

(B29)
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100 200 400 800 A o
p | 856 x1073 4.30x 1072 2.16 x 107* 1.09 x 1073 0.83 0.99
p | 862x107% 4.32x107% 219x 1073 1.09 x 107* 0.83 0.99
e | 248 x 1072 1.27x 1072 621 x 1073 3.12x107% 252 1.00
uw | 2.30x1072 1.16 x 1072 532 x107% 2.71 x107® 2.75 1.04

Table 1: L norms of the difference between exact and computed Sod prob-
lem results, computed pointwise at t = 0.2, for the given variables with the
indicated number of points on the unit interval. The prefactor A and con-
vergence rate o are least-squares fits to the relation given in Eq. (82). The
values of ¢ close to unity suggest first-order convergence.
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100 200 400 800 A o
p |1.07x102 522x10% 261x10° 135x10° 1.04 1.00
p | 1.70x 1072 823 x 1073 4.12x1073 213 x 1073 1.66 1.00
e | 437x1072 3.07x1072 1.03x 1072 5.49 x 1073 4.22 1.00
w [312x1072 142x 1072 7.00 x 1073 3.91 x10~% 2.99 1.00

Table 2: L; norms of the difference between exact and computed modified
Sod problem results, computed pointwise at t = 0.2, for the given variables
with the indicated number of points on the unit interval. The prefactor A
and convergence rate o are least-squares fits to the relation given in Eq. (82).
The values of ¢ close to unity suggest first-order convergence.
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256 512 1024 A o
p | 209%x107% 1.08x107% 549 x 1072 227 0.97
p | 6.77x 1072 3.34x 1073 1.80x 1073 0.70 0.96
e | 221 x107% 1.18 x 1073 578 x 10™* 0.24 0.97
u | 3.84x107% 2.05x 1073 9.90 x 10~* 0.45 0.98

Table 3: L; norms of the difference between exact and computed moving-
shock problem results, computed pointwise at ¢ = 0.5, for the given variables
with the indicated number of points on the unit interval. The prefactor A
and convergence rate o are least-squares fits to the relation given in Eq. (82).
The values of ¢ close to unity suggest first-order convergence.
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0<z<0.1 0.1 <x<0.5 Ob<zr<l
¥ 1.35 1.35 5.0
p | 2.76470588235 1.0 1.9
e | 4.59548599884 2.85714285714 0.131578947368
p | 4.44680851064 1.0 1.0
w | 1.48327021770 0.0 0.0

Table 4: High-precision initial conditions for the shock-contact problem. This
configuration corresponds to a Mach number of 2.0 and an initial shock speed
of ug = 2.32379000772, so that the shock hits the material interface at ¢t =

0.172132593165.
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274 549 1099 2199 A o
p | 1.95x107% 9.61x 1072 4.98 x 1072 249 x 1073  3.61 0.99
p | 6.98x 1072 3.09x 1072 1.61x107% 8.05x 1072 15.6 1.03
e | 246x 1072 1.11 x 1072 559 x 1073 3.07x 1072 4.66 1.00
w | 1.22x 1072 7.01 x 1073 3.71x107% 1.74x107* 1.80 0.93

Table 6: L; norms of the difference between exact and computed shock-
contact problem results, computed pointwise at ¢ = 0.25, for the given vari-
ables with the indicated number of points on the unit interval. The prefactor
A and convergence rate o are least-squares fits to the relation given in Eq. 82.
The values of ¢ close to unity suggest first-order convergence.
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100

400

200 800 A o
p (x10°%) [ 715 363 184 9.19x10 ' 675 0.99
p 330 276 140 6.98 x 1071 133 0.77
e (x1073) | 2.12 1.02 548 2.68x10"' 196 0.99
u 643 3.06 1.64 7.92x 1071 623 1.00

Table 7: L; norms of the difference between exact and computed water-air
shock tube problem results, computed pointwise, for the given variables with
the indicated number of points on the unit interval. Note the normalization
factor for the pressure and SIE errors. The prefactor A and convergence rate
o are least-squares fits to the relation given in Eq. (82). The values of o close
to unity suggest first-order convergence, except for the density, which has an

inconsistently low error at the coarsest resolution.
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Xi Xi . +1

mix mix

Figure 1: Schematic of the idealized mixed cell, which has material 1 (to the
left) separated from material 2 (to the right).
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mix

+1
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Figure 2: Schematic of the pressure associated with the 1-D Riemann prob-
lem used to model the dynamics of the two-material mixed cell. The bottom
shows the initial pressure, i.e., at time ¢", of materials 1 (left) and 2 (right),
while the top figure is the updated solution, i.e., at time ¢"*!. The ¢t"*! state
exhibits, from left to right, the left t" value, the leading left-most Riemann
wave (WL in this case corresponding to a rarefaction fan), the contact dis-
continuity (W*), the leading right-most Riemann wave (W, in this case
corresponding to a shock), and the right ¢" quantity.
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Figure 3: Computed results (solid line) for the Sod shock tube problem
for 100 zones on [0,1] at t = 0.2. The difference (dotted line) between
the computed and exact (dashed line) solutions is plotted against the right
ordinate. The values corresponding to the individual materials in the mixed
cell are denoted by the symbol e.
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Figure 4: Plot of the L; norm of the difference between the computed results
and exact solution at t = 0.2 for the Sod shock tube problem. The values
of the norm for the 100-, 200-, 400-, and 800-zone meshes are shown for the
pressure (0), density (O), SIE (¢), and velocity (A). The curve fit parameters
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corresponding to these data are given in Table 1.
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Figure 5: Time-history plots for the Sod shock tube problem of the (from
left to right) pressure, the mass density, and SIE of the two materials in
the mixed cell, for the (from top to bottom) 100-, 200-, 400-, and 800-cell
results. The solid line indicates the left material (material 1) and a dotted
line represents the right material (material 2).
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Figure 6: Computed results (solid line) for the modified Sod shock tube
problem for 100 zones on [0,1] at t = 0.2. The difference (dotted line)
between the computed and exact (dashed line) solutions is plotted against
the right ordinate. The values corresponding to the individual materials in
the mixed cell are denoted by the symbol e.
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Figure 7: Plot of the L; norm of the difference between the computed results
and exact solution at t = 0.2 for the modified Sod shock tube problem. The
values of the norm for the 100-, 200-, 400-, and 800-zone meshes are shown
for the pressure (0), density (0), SIE (©), and velocity (A). The curve fit
parameters corresponding to these data are given in Table 2.
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Figure 8: Time-history plots for the modified Sod shock tube problem of the
(from left to right) pressure, the mass density, and SIE of the two materials
in the mixed cell, for the (from top to bottom) 100-, 200-, 400-, and 800-cell
results. The solid line indicates the left material (material 1) and a dotted
line represents the right material (material 2).
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Figure 9: Computed results (solid line) for the moving shock for 256 zones
on [0,2] at t = 0.5. The difference (dotted line) between the computed and
exact (dashed line) solutions is plotted against the right ordinate. The values
corresponding to the individual materials in the mixed cell are denoted by
the symbol e.
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Figure 10: Plot of the L; norm of the difference between the computed
results and exact solution at ¢ = 0.5 for the moving shock problem. The
values of the norm for the 256-, 512-; and 1024-zone meshes are shown for
the pressure (0), density (O), SIE (©), and velocity (A). The curve fit
parameters corresponding to these data are given in Table 3.
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Figure 11: Time-history plots for the moving shock problem of the (from
left to right) pressure, the mass density, and SIE of the two materials in the
mixed cell, for the (from top to bottom) 256-, 512-, and 1024-cell results. The
solid line indicates the left material (material 1) and a dotted line represents
the right material (material 2).
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Figure 12: Computed results (solid line) for the shock-contact problem at
t = 0.25 for 274 zones initially on [—0.37,1]. The difference (dotted line)
between the computed and exact (dashed line) solutions is plotted against
the right ordinate. The values corresponding to the individual materials in
the mixed cell are denoted by the symbol e.
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Figure 13: Plot of the L; norm of the difference between the computed
results and exact solution at ¢ = 0.25 for the shock-contact problem. The
values of the norm for the 100-, 200-, 400-, and 800-zone meshes are shown
for the density (0O), pressure (0), SIE (©), and velocity (A). The curve fit
parameters corresponding to these data are given in Table 6.
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Figure 14: Close-up of time-history plots for the shock-contact problem of the
(from left to right) pressure, the mass density, and SIE of the two materials in
the mixed cell, for the (from top to bottom) 274-, 549-, 1099-, and 2199-cell
results. The solid line indicates the left material (material 1) and a dotted
line represents the right material (material 2).
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Figure 15: Computed results (solid line) for the water-air shock tube problem
for 100 zones on [0, 1] at t = 2.24 x 10™*. The difference (dotted line) between
the computed and exact (dashed line) solutions is plotted against the right
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Figure 16: Plot of the L; norm of the difference between the computed results
and exact solution at ¢t = 2.24 x 10~* for the water-air shock tube problem.
The values of the norm for the 100-, 200-, 400-, and 800-zone meshes are
shown for the pressure (0), density (O), SIE (¢©), and velocity (A). In this
plot, the values of the pressure error are divided by 10° and the SIE errors
are divided by 10%. The curve fit parameters corresponding to these data are

given in Table 7.
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Figure 17: Time-history plots for the water-air shock tube problem of the
(from left to right) pressure, the mass density, and SIE of the two materials
in the mixed cell, for the (from top to bottom) 100-, 200-, 400-, and 800-cell
results. The solid line indicates the left material (material 1) and a dotted
line represents the right material (material 2).

70





